The hydraulic performance of a leak-detection -secondary leachate collection system below a composite liner consisting of a geomembrane (GM) over a geosynthetic clay liner (GCL) is studied using the finite element method. The effect of the initial conditions in the underlying foundation layer (e.g., compacted site soils), distance from the leakage point to the drainage point, properties of the GCL, hydration history of the GCL, and the presenceabsence of a foundation layer are examined. The interaction between the GM-GCL interface, GCL foundation layer interface, and the underlying geocomposite is investigated. The time for leakage to be detected is shown to be highly dependent on the material below the composite liner, the initial degree of saturation of the material, and the distance between the hole wrinkle and the drainage point in the system. Under some circumstances this could result in leakage not being detected for a considerable period of time. Predicted leakage is shown to be similar in magnitude to that reported in field monitoring. A comparison of an analytical solution for steady state conditions with the numerical solution shows excellent agreement.
Introduction
Some modern waste disposal facilities have a double composite liner system consisting of a primary leachate collection and liner system and a leak-detection -secondary leachate collection and liner system. Although the geomembrane (GM) component of a composite liner is relatively impermeable to the advective migration of leachate, holes coincident with wrinkles in the geomembrane provide a mechanism for leakage of leachate through the geomembrane (Rowe 1998) . The clay liner (typically a compacted clay liner (CCL) or geosynthetic clay liner (GCL)) is intended to minimize this leakage while a geocomposite (geotextile and geonet) leakdetection -secondary leachate collection system can drain this leachate and hence minimize the buildup of head on the secondary liner. The amount of leachate collected from secondary collection systems has been observed and reported (e.g., Bonaparte et al. 1996 Bonaparte et al. , 2002 , and several equations have been proposed for estimating the leakage through a hole in a geomembrane (e.g., Giroud and Bonaparte 1989; Rowe 1998) .
When a GCL is used with a foundation layer (e.g., see Fig. 1a ), the soil layer beneath the geomembrane will be unsaturated, or even for the system without a foundation layer, the GCL will be unsaturated and the unsaturated behaviour of the system will control the flow and detection of leakage. To date, however, there has been no published study of leachate migration through an unsaturated composite (GM-GCL) liner system. Thus the objective of this study is to provide insight regarding the effect of the GM-GCL interface, the GCL, the foundation layer (if present), and the underlying geotextile-geonet geocomposite on leak detection. Specific consideration is given to the effect of the initial degree of saturation of the foundation layer, the distance from the leakage point to the bottom of the slope, the hydration his-
Background
The governing equation for transient water flow within an unsaturated porous medium was derived from Darcy's law and continuity of flow (Richards 1931) . The equation for a two-dimensional homogeneous anisotropic material becomes where h is the total hydraulic head (m); k x and k y are the unsaturated hydraulic conductivities in the x and y directions, respectively (m/s); m w is the coefficient of water volume change (slope of the water characteristic curve) (1/kPa); γ w is the unit weight of water (kN/m 3 ); θ is the volumetric water content (dimensionless); and t is the time (s).
The parameters m w , k x , and k y are material specific and defined as functions of pore pressure. Among several equations suggested to approximate the water characteristic curve (volumetric water content versus pore pressure) and hydraulic conductivity function (hydraulic conductivity versus pore pressure), the van Genuchten -Mualem equations (van Genuchten 1980) have been found to be applicable for a wide range of soils. Using the van Genuchten -Mualem equations, the water characteristic curve is given by where Θ is the normalized volumetric water content, θ is the volumetric water content at a given suction (dimensionless), θ s is the saturated water content (dimensionless), θ r is the residual water content (dimensionless), s is the suction (kPa), and α (1/m), n, and m (= 1 -1/n) (dimensionless) are fitting parameters; and the hydraulic conductivity function is given by where k r (Θ) is the relative hydraulic conductivity (dimensionless), k(Θ) is the hydraulic conductivity at a given Θ (m/s); and k sat is the saturated hydraulic conductivity (m/s).
The suitability of the van Genuchten -Mualem equations for nonwoven geotextiles has been demonstrated by Rowe (2003, 2004) for the cases where suction was relatively small (<20 kPa). The van Genuchten -Mualem equations (eqs. [2] and [3] ) tend to provide extremely small values of hydraulic conductivity in the high-suction range (e.g., 1 × 10 -20 m/s at a suction of 50 kPa). Mehta et al. (1994) noted, however, that vapour flow becomes significant in moisture movement in this high-suction range and suggested that at high suctions the hydraulic conductivity should be evaluated as the sum of the hydraulic conductivity for liquid flow, k liquid , and that for vapour flow, k vapour . Mehta et al. obtained k vapour from Fick's law of vapour diffusion and the relationship between water potential and relative humidity as follows:
-5 × (T/273.15) 1.75 × a 5/3 , X = Mg/RT, ρ s is the saturated water vapour density at the soil temperature (kg/m 3 ), M is the molecular weight of water (kg/mol), g is the gravitational acceleration (m/s 2 ), ρ w is the density of water (kg/m 3 ), R is the gas constant (J/mol K), T is the absolute temperature (K), Ψ w is the water potential (suction head) (m), D v is the diffusivity of water (m 2 /s), and a is the air-filled porosity (total porosity minus the volumetric water content (dimensionless)).
For the materials used in the present study, while k liquid given by eq.
[4] simply decreases with an increase in suction, k vapour increases with an increase in suction and becomes relatively constant when k vapour exceeds k liquid (Fig. 2) . Consequently, the hydraulic conductivity corresponding to the combination of k liquid and k vapour does not drop to an impractically small value. Thus, the van Genuchten -Mualem equations were employed in this study to approximate the water characteristic curves and the hydraulic conductivity functions for the soils and the nonwoven geotextiles, with the qualification that the hydraulic conductivity at high suction was evaluated as the sum of that for liquid flow and that for vapour flow (i.e., k = k liquid + k vapour ).
Outline of numerical experiment

Modelling
This study focuses on the performance of a double-liner system consisting of a primary liner (a geomembrane with a hole in a wrinkle, and a GCL with and without a soil foundation layer) and a geocomposite leak-detection layer over a secondary composite (geomembrane and clay layer) liner. A typical barrier system with a foundation layer is shown in Fig. 1a , and the details of the modelled system are shown in Fig. 1b . The finite element method was employed to solve eq. [1] , and the details of the finite element for the analyses are shown in Fig. 3 . The geomembrane was modelled as an impermeable boundary except at the location of the wrinkle with a hole where the leachate head, h leachate , was specified. A GCL is often composed of a top cover geotextile layer (typically a relatively thick needle-punched nonwoven geotextile), a layer of bentonite, and a bottom carrier geotextile layer (typically a thin woven geotextile). Since a thin woven carrier geotextile has negligible lateral transmissivity, it was assumed that the carrier geotextile does not affect the hydraulic behaviour of the bentonite layer, and the GCL was modelled with two layers in this study: a transmissive nonwoven cover geotextile layer and a lowpermeability bentonite layer. The soil foundation was assumed to be a uniform soil layer without any significant hydraulic defects (e.g., cracking). The drainage geocomposite consists of a geotextile and geonet located above the geomembrane of the secondary liner. The geotextile above the geonet was modelled explicitly. The geonet layer (or it could equally well be a coarse-gravel layer) was modelled by specifying either (i) a no-flux boundary condition (q = 0) along the bottom of the geotextile layer at locations where the pore pressure at the bottom of the geotextile was negative (h p < 0), or (ii) a specified pressure head corresponding to atmospheric pressure elsewhere. The thickness of each material (Fig. 1b) was chosen based on typical values. It was assumed that drains were installed at a regular spacing and that the barrier system was sloped down toward the drains at a 1% grade. A geomembrane with a hole in a wrinkle (hereafter called a holed wrinkle) was considered to be located at the peak of the slope (calculations show that very similar but not identical results are obtained for a wrinkle located at a similar distance from the bottom of the slope on a longer slope). It was also assumed that the wrinkle was relatively long and that leachate entering the wrinkle space from the hole was free to quickly migrate along the length of the wrinkle. Thus two-dimensional conditions were modelled with the leachate head being applied over a width equal to the width of the wrinkle. The leachate was assumed to build up above the primary liner to a maximum depth of 0.3 m. Since the wrinkle was assumed to be at the top of the slope, symmetry was invoked and the head was applied over a distance of 0.15 m (representing a hole on a wrinkle 0.3 m in width). The datum was established at the bottom of the lower end of the system. The boundary condition for the vertical edges at the upper end of the system and the lower end of the system were specified as a no-flux boundary to correspond to lines of symmetry.
Cases examined
Thirteen cases were examined (Table 1) as discussed in the following subsections. Nine were examined for a sandy silt foundation layer below the GCL (Table 1) , and four had the GCL directly over the drainage geocomposite. It has been reported that the bentonite layer may become hydrated prior to the development of leachate head above the liner (Daniel and Shan 1992; Eberle and von Maubeuge 1998) . This hydration could be caused by rain during the construction period or, more commonly, by water extracted from the foundation layer. Thus the following three types of GCL hydration history were examined (Fig. 4) : Type 1: The GCL is saturated when the leachate head is applied. Type 2: The GCL is relatively dry at first (initial degree of saturation of bentonite component S r bentonite ini = 15%). The collection system was left (without any leachate head) until the system reached hydraulic equilibrium due to uptake of water from the foundation layer. Once equilibrium was reached, the leachate head was applied. Type 3: The GCL was relatively dry at first (S r bentonite ini = 15%). After 4 weeks to uptake water from the foundation but no pressure head, a hydraulic head corresponding to the 0.3 m of ponding above the primary liner at the bottom of the slope was applied for 2 weeks, after which a hydraulic head corresponding to the 0.1 m of maximum ponding was applied continuously for a period of time until the leachate head of 0.3 m was applied at 200 days (6.6 months) following the start of the analysis (t preleachate = 200 days). The pressure head applied prior to the leachate head represents a rainfall event during the construction period and subsequent ponded rainwater above the liner.
Other variables examined include the distance l from the wrinkle to the drain, the transmissivity θ k of the upper GM-GCL interface, and the saturated hydraulic conductivity k sat of the GCL, as discussed subsequently.
The computer program SEEP/W version 5 (GEO-SLOPE International Ltd. 2001) was employed for the analyses. Validation of the program for modelling unsaturated soilgeosynthetics systems has been published by Rowe (2003, 2004) . A series of numerical experiments with a variety of mesh configurations and time steps was used to establish a suitable numerical scheme. Based on this study, a barrier system with a foundation layer was modelled using 79 000 linear triangular elements (Fig. 3a) , and a system with no foundation layer was modelled using 9000 elements of the same type (Fig. 3b) . The time increment was automatically adjusted between 1 h and 2 months using an adaptive time stepping routine.
Material properties
Four different materials were modelled: (i) the GM-GCL interface (including the GCL cover geotextile) as a geotextile layer, (ii) bentonite (a part of the GCL), (iii) foundation soil, and (iv) the geotextile component of the drainage geocomposite. The primary geomembrane and the geonet component of the geocomposite were modelled by boundary conditions as described in the previous section. The properties of the four materials, the volumetric water characteristic curve, and the hydraulic conductivity function are described in the following sections. Due to hysteresis, different functions should be used for the drying and wetting phases (Kaluarachchi and Parker 1987) . Thus, in this study, the functions for the drying phase were employed for the cases that were initially saturated and experienced drainage from the outset (cases 1110, n110, and n111), and the functions for the wetting phase were employed for the other cases. Thus a difference in wetting history can result in a small difference in the final equilibrium moisture distribution.
GCL
Based on tests conducted on a GCL with a nonwoven, needle-punched cover geotextile, the transmissivity of the geomembrane-GCL interface layer for the base case was taken to be 2.0 × 10 -10 m 2 /s (Harpur et al. 1993) . This is several orders of magnitude smaller than the transmissivity reported by Koerner (1997) for a typical nonwoven geotextile (0.02-3.0 × 10 -5 m 2 /s). An examination of a typical GCL after hydration shows that this is, in large part, due to bentonite that has migrated into the geotextile and dominates the hydraulic behaviour of the cover geotextile. Thus the same water characteristic curve was used for the bentonite and the cover geotextile, and this was based on the data by Southen (2005) obtained for a GCL with a nonwoven cover geotextile and a thin woven carrier geotextile using the pressure-plate method.
The experimental water characteristic curve in the drying phase for the GCL was fitted to eq. [2] using the program RETC (van Genuchten et al. 1991) , and the fitted curve is shown as a broken line in Fig. 5a . The water characteristic curve for the wetting phase was obtained by modifying the fitted curve using the technique proposed by Kool and Parker (1987) . With this approach the water characteristic curve for the wetting phase can be related to that for the drying phase by taking α w = 2α d (α w is a van Genuchten parameter for wetting phase, and α d is for the drying phase) and using the same value of n. The curve obtained from this procedure is shown as a solid line in Fig. 5a . Basic properties and van Genuchten parameters for the GCL are summarized in Table 2 .
The hydraulic conductivity function for bentonite (see Fig. 5b ) is given by eq. [3] using the same van Genuchten parameters for the water characteristic curve and a saturated hydraulic conductivity, k sat = 1.0 × 10 -10 m/s, for the base case. This value is based on Rowe (1998) and assumes some interaction with leachate. An analysis was also performed (case 2113) for k sat = 5.0 × 10 -11 m/s, which is a more typical value for hydraulic conductivity without leachate interaction.
Cover geotextile
The hydraulic conductivity functions were obtained from the van Genuchten parameters for the water characteristic curves and a saturated hydraulic conductivity k sat = 2.0 × 10 -7 m/s that was based on the transmissivity, θ k = 2.0 × 10 -10 m 2 /s and 1 mm of thickness of the cover geotextile. The water characteristic curves and the hydraulic conductivity functions are shown in Figs. 5a and 5b, respectively.
Foundation layer
The soil for the foundation layer was loam (sandy silt), and the van Genuchten parameters (Table 3) were deduced from average values reported by Schaap and Leij (1998) largely based on drying phase data. Parameters for the wetting phase were obtained as proposed by Kool and Parker (1987) a Initial degree of saturation of the layer S r foundation ini = 100% (1), 50% (2), or 30% (3). na, no foundation layer. b 1, type 1; 2, type 2; 3, type 3 (see Fig. 4 ). c Initial degree of saturation of the layer S r bentonite ini = 100% (1) or 15% (2). d 0, base case (l = 5 m, θ = 2.0 × 10 -10 m 2 /s, k bentonite = 1.0 × 10 -10 m/s); 1, 2, and 3, differences from the base case as noted in Table 1 . Table 1 . Cases examined for performance of leak-detection/secondary leachate collection system.
Geotextile over geonet
The parameters required to model the nonwoven geotextile using the van Genuchten -Mualem equations were taken to be typical values based on published data compiled by Iryo and Rowe (2003) and are given in Table 4 and shown in Figs. 6a and 6b. The saturated hydraulic conductivity for the in-plane direction, k sat geotextile in plane , used in this study was 5.0 × 10 -5 m/s, which represents the lowest value of the typical range reported by Koerner (1997) .
Results and discussion of leak detection for a composite liner and foundation layer
The results of the analyses are summarized in Table 5 in terms of the steady state leakage, the time before first detection of fluid in the leak-detection system, the time to saturate the bentonite, and the wetted radius (based on the ratio of lateral flow to total flow of between 2% and 0.1%).
Effect of initial degree of saturation, S r , of the foundation layer
The effect of the initial degree of saturation of the foundation layer was first examined by considering an initially saturated GCL over a 0.5 m thick foundation soil with S r = 100% (case 1110), S r = 50% (case 2110), and S r = 30% (case 3110) for a wrinkle with a hole located 5 m from the bottom of the slope.
Limiting case of an initially saturated system
For the fully saturated case (case 1110), there was gravity drainage into the geocomposite over its entire length from the outset. The system reached equilibrium with leakage through the holed wrinkle in 91 days. At this time, the GCL remained essentially saturated and the foundation layer varied between S r = 91% at the top (since there was not sufficient flow through the wrinkle to saturate the layer) and S r = 100% at the bottom. Figure 7 shows the results for case 1110. The lateral flow just below the geomembrane (Fig. 7a) extended from the edge of the wrinkle to about x = 0.80 m. This implies that leachate spread at the GM-GCL interface GCL is saturated at t = 0. (b) Type 2: GCL is dry (S r = 15%) at first, and then reaches hydraulic equilibrium with the foundation layer before leachate head is applied. (c) Type 3: GCL is dry (S r = 15%) at first, and then the pressure head is applied before the full leachate head develops (t < 0), which represents the effect of rainfall and water ponding during construction. h w , head of the drain (the head at the wrinkle h = h w -0.01l, where l is the distance from the wrinkle to the drain and the slope is 1%). and permeated into the bentonite layer over an area much wider than that of the wrinkle. Theoretically, for a plain problem such as this, the distance from the centre of the wrinkle to the point at which there is no lateral flow in the interface zone (called the wetted radius) is infinite for a deposit of infinite lateral extent or to the no-flow boundary for a deposit of finite extent. In practice, however, the flow is largely restricted (99%) to the distance of 0.80 m. As shown in Table 5 , 99.5% of flow is restricted to a distance of 0.95 m, 99.8% to a distance of 1.40 m, and 99.9% to a distance of 4.35 m.
The pore pressure at the GM-GCL interface (Fig. 7b ) was positive beneath the wrinkle and slightly beyond but quickly became negative and was practically constant beyond a distance of 0.80 m.
The pore pressure at the bottom of the GCL (Fig. 7c) decreased from the initial value of zero until it became hydrostatic (-4.9 kPa or -0.5 m H 2 O) at steady state. Although it took 91 days for the pore pressure to reach steady state, most of the change occurred within 12 h, with the pore pressure dropping to -4.4 kPa by that time (Figs. 7b, 7c) .
The lateral flow in the geotextile above the geonet was at the maximum in-plane flow capacity of the geotextile over most of its length for the first couple of days but then decreased with time (Fig. 7d) .
Initially there was flow into the geonet over the entire length of the overlying geotextile (Fig. 7e) . The flow into the geonet and the length of the portion where fluid entered the geonet decreased with time as water drained from the soil, and at steady state the leachate only drained from the lower end of the system (x = 4.9-5.0 m, see Fig. 7f ).
Unsaturated foundation
The barrier systems with an initially unsaturated foundation layer (case 2110 with S r foundation ini = 50% and case 3110 with S r foundation ini = 30%) performed in a similar manner, and their behaviour is discussed in the following section with respect to case 3110.
The change in degree of saturation with time in the foundation is shown in Fig. 8 Schaap and Leij (1998) . Table 3 . Basic case properties and van Genuchten parameters for the loam soil foundation layer. Fig. 6 . Hydraulic properties for foundation soil and geotextile components of the geocomposite: (a) water characteristic curves; (b) hydraulic conductivity functions. flow from the wrinkle from the start of the analysis, there was no initial drainage of leachate from the system because the lower geotextile above the geonet acted as an impermeable layer due to its low water-entry value. Thus once leachate reached the bottom of the foundation layer, an area of higher S r foundation began to develop from the bottom of the upper end of the slope (Fig. 8b) . With time, water migrated laterally in the foundation layer away from the wrinkle (Figs. 8b, 8c ) until eventually (after 80 months) the degree of saturation exceeded 90% along the entire bottom of the foundation layer (see Fig. 8d ). When steady state was reached, the contour line of S r foundation = 90% had risen up to the middle of the layer. The system reached steady state at 8.5 years for case 3110 and 6.1 years for case 2110. It is of particular note that in these two cases it took 5.3 years (S r foundation ini = 50%) and 7.6 years (S r foundation ini = 30%) for the first leachate to leave the foundation layer (Table 5) . Since this has implications for interpreting the flows measured in leak-detection systems, it requires some examination of what is happening.
The pore pressure within the GCL (Figs. 9b, 9c) decreased at first due to the suction within the foundation layer, and then it increased as leachate permeated into the foundation soil. At steady state, the pore pressures along the geotextile-bentonite interface and the bentonite -foundation layer interface were similar to that observed for the initially fully saturated case 1110.
For both cases 2110 and 3110, the flow in the GM-GCL interface (Fig. 9a) at an early time was greater than that for case 1110 and extended further from the wrinkle. This was because a lower initial degree of saturation corresponded to more suction and lower hydraulic conductivity in the foundation layer during the early stage of infiltration. This hydraulic conducting contrast between the GM-GCL interface and the underlying soil increased the lateral flow within the interface relative to the initially saturated case (case 1110). This flow decreased with time, however, as the degree of saturation of the foundation increased, and both cases 2110 and 3110 approached that for case 1110 at steady state.
Although flow at the GM-GCL interface simply decreased with distance from the wrinkle for the fully satu- Note: na, bentonite components were saturated throughout the analyses. a Defined as the x coordinate at the GM-GCL interface based on the ratio of lateral flow to total flow of between 2% and 0.1%. b Length of wrinkles = 100 m; 10 holed wrinkles per hectare. c Length of wrinkles = 100 m; two holed wrinkles per hectare. d Fluid flow is detected from the beginning of the analyses. e It took longer for case n111 to reach steady state than case n110 due to smaller leachate head applied and longer system. f Although for cases n110 and n120 flow at the interface rapidly dropped below 1% of the maximum value with x, for cases n111 and n121 it dropped to slightly above 1% and became relatively constant. rated case (case 1110), when the foundation is not initially saturated there is a far more complex response, with the flow having a peak value at an early time (e.g., 2 months) and then dropping near the wrinkle but actually increasing at points away from the wrinkle. For example, at 20 months the maximum interface flow occurs at around x = 1.9 m (Fig. 9a) . This can be explained by examining the contour lines of total head for case 3110 at 20 months, as shown in Fig. 10 . The rapid change in total head at about x = 2 m implies that the wetting front at the bottom of the layer was located at this point. In areas where the wetting front has passed, the direction of the flow was upward (as leachate builds up on the lower geotextile layer) but became downward beyond this point. As a result, the flow in the interface experienced a small increase as fluid flowed back into the interface near the wetting front before decreasing again as it flowed back into the soil.
As described earlier, the geotextile underlying the foundation layer worked as an impermeable layer at the beginning of the analysis, thus flow in the geotextile occurred after the foundation layer was nearly saturated (see Figs. 8, 9d ). The geonet did not start draining fluid until the flow developed all along the geotextile (i.e., at about 8.7 years).
Flow vectors within the foundation layer at steady state are shown in Fig. 11 for case 3110. Directly below the geomembrane wrinkle, much of the leachate flow coming through the hole flowed down nearly vertically and entered the geotextile components of the geocomposite layer and then flowed laterally. Some portion of leachate moved laterally along the cover geotextile between geomembrane and bentonite component, however, and then migrated down and laterally toward the bottom of the slope. One portion of this flow entered the geocomposite and another portion flowed into the foundation soil above the interface between the foundation layer and the geocomposite. Halfway along the slope (location B in Fig. 11 ), leachate flow was parallel to the geocomposite layer. Most flow occurred along the interface between the foundation layer and the geocomposite, but it did not enter the geocomposite. At the end of the slope all the leachate entered the geonet drainage layer (see Figs. 9e, 11) .
The results for the initially unsaturated foundation layer show that drainage of fluid into the leak-detection system may not occur for a considerable period of time, since the geotextile component of the geocomposite acts as a drainage barrier at low degrees of saturation and the foundation layer itself provides storage of leakage from the wrinkle. These cases show that the higher the initial degree of saturation, the sooner leachate will be detected. From consideration of the mechanism at work, it can be inferred that the available storage (and hence delay before the detection of leakage) would be less for a thinner foundation layer, and the limiting case of no foundation layer will be discussed subsequently. It also suggests that the distance of the holed wrinkle from the bottom of the slope may also be a factor, as demonstrated in the next section.
Effect of distance of holed wrinkle from bottom of slope
Calculations were performed for a holed wrinkle 25 m from the bottom of the slope (case 2111, l = 25 m), and the general behaviour was very similar to that described previously for a holed wrinkle 5 m from the bottom of the slope (l = 5 m). The wetted radius was only marginally larger, but the volume of foundation soil between the point of leakage and the bottom of the slope that provides storage from leakage while the bottom geotextile is behaving as an impermeable barrier is five times larger. Since the level of leachate built up above the primary liner was assumed to be constant in this study (0.3 m above the low point in the system), the leachate head (pressure head) applied to the holed wrinkle decreased with an increase in distance from the bottom of the slope. As a consequence of the smaller head and five times larger volume of soil between the holed wrinkle and the bottom of the slope, it took about six to seven times longer for leachate to be detected and to reach steady state than for case 2110 (l = 5 m). Furthermore, there was less steady state leakage for l = 25 m than for l = 5 m due to the smaller head applied at the wrinkle. Thus the time it takes to detect leakage, and the amount of leakage, will depend (for a given height of leachate above the bottom of the slope) on the location of the holed wrinkle. The aforementioned comparison was for 5 m and 25 m slopes with a holed wrinkle at the top of the slope. Calculations were also performed for a 25 m long slope but with a holed wrinkle 5 m from the bottom of the slope, and the results were very similar to those obtained and discussed earlier for the case of a 5 m slope.
Effect of interface transmissivity
Analyses were performed for two different values of interface transmissivity, namely θ k = 2.0 × 10 -10 m 2 /s (base case 2110) and θ k = 6.0 × 10 -12 m 2 /s (case 2112), based on values provided by Harpur et al. (1993) . The general behaviour was essentially the same for both analyses, however, the lower transmissivity resulted in a much smaller wetted radius and leakage rate (Table 5) . Consequently, it took longer for leakage to be detected and for the system to reach steady state.
Hydraulic conductivity of GCL
Analyses performed for two different saturated hydraulic conductivities of the GCL, namely k sat = 1.0 × 10 -10 m/s (base case 2110) and k sat = 5.0 × 10 -11 m/s (case 2113), represent the likely range of values considering clay-leachate interaction and no interaction (Rowe 1998) . The lower k sat resulted in a larger wetted radius but, nevertheless, reduced leakage. The lower k sat also served to increase the time required to both detect leachate and reach steady state.
Effect of hydration history for GCL
The foregoing analyses all assumed that the GCL was fully hydrated at the start of the analyses. In many practical situations, however, the GCL will hydrate by taking moisture from the foundation (case 2220) or partially from the foundation and partially from rainwater leaking through a holed wrinkle (cases 2320 and 3320). Considering case 2220, the initial condition involved S r foundation ini = 50% (gravimetric water content w = 12.6%) and S r bentonite ini = 15% (w = 16.1%). The GCL took up water from the foundation layer, reaching S r = 90% after 70 days and hydraulic equilibrium after 200 days (6.6 months). At equilibrium, S r foundation had reduced to 46% (w = 11.6%) uniformly over the foundation layer and S r bentonite increased to 99% (w = 106.1%). This foundation layer was slightly drier than that for case 2110, and so when the head was applied the hydraulic conductivity of the foundation was lower and it took longer for leakage to be detected and to reach steady state (Table 5 ). The general behaviour was essentially the same as that for the initially saturated GCL (case 2110), however.
In case 2220, hydraulic head was not applied until hydraulic equilibrium had been reached between the GCL and the foundation layer. Given the time (6.6 months) required to reach full equilibrium due to uptake of water from the foundation soil, in practice there is likely to be leakage through any hole due to rainfall (during construction) or leachate (after waste is placed) prior to reaching full equilibrium for the GCL. Type 3 GCL conditions (as described earlier and in Fig. 4 ) examined one such possible case. The time of application of the leachate head of 200 days (6.6 months) for case 2320 was selected to correspond to the time for hydration of the GCL from the foundation in case 2220.
The general behaviour for this case was very similar to that for the initially saturated GCL (cases 2110). Furthermore, it took the same time to reach steady state (see Table 5 ). This indicates that GCL hydrated by rainwater leaking through any hole in the wrinkles was as effective as starting with an initially fully saturated GCL from a hydraulic prospective. In this case during the 200 day period of leakage of rainwater prior to exposure to leachate, the GCL hydrated from an initially almost dry state (S r = 15%) to S r = 99.3%.
The analyses discussed here were for a foundation with an initial degree of saturation of 50%. A comparison was also made for an initial degree of saturation of 30% (gravimetric water content w = 7.5%) for both an initially saturated GCL (case 3110 described previously) and a GCL with a type 3 history (case 3320) as described earlier (Fig. 4) . The time prior to applying leachate, t pre-leachate , for case 2320 (200 days or 6.6 months) was also used for case 3230.
Despite the very different initial GCL conditions compared to those for case 3110, the behaviour for case 3320 was very similar to that for case 3110 (type 1 condition). Because of the same uptake of rainwater by the foundation in the 6.6 months prior to leachate being applied, the time to detect leachate and reach steady state was slightly reduced (Table 5 ), but in all other respects the response was the same.
Performance of bentonite component
The bentonite component in a GCL may be hydrated by uptake of water from the underlying foundation layer, a rainfall event, or leachate flow through a hole in the overlying geomembrane. To investigate the hydration of the bentonite component, the change of S r bentonite was examined for several cases discussed in the previous section (cases 1110, 2110, 3110, 2220, 2320, and 3320) , and the results are shown in Fig. 12 . Although S r bentonite was examined at x = 1.5 and 5.0 m, there was no significant difference between the change of S r bentonite at these two locations, except for case 3320. For cases 1110, 2110, and 3110 (S r foundation ini = 100%, 50%, and 30%; type 1), S r bentonite started at 100% and remained above 99% throughout the analyses. For case 2220 (S r foundation ini = 50%; type 2), S r bentonite increased from the initial value of 15% to more than 90% due to uptake of water from the foundation layer before leachate head was applied. For case 2320 (S r foundation ini = 50%; type 3), S r bentonite also increased above 90%, but in this case it increased due to both uptake from the foundation layer and rainwater entering the wrinkle. Thus the increase in case 2320 was slightly faster than that in case 2220.
For case 3320 (S r foundation ini = 30%; type 3), uptaking water from the foundation layer was slower than that for cases 2220 and 2320. Thus S r bentonite did not increase significantly until fluid coming through the wrinkle reached each point, which occurred at about 0.3 years for x = 1.5 m and at about 1 year for x = 5.0 m.
Compared with the time required to detect leachate leakage, the bentonite component became saturated in a relatively short period of time (see Table 5 ).
It may be concluded from the foregoing analyses that, with respect to leak detection, it does not matter greatly whether the GCL is initially hydrated by uptake of water from the foundation or hydrated by a combination of uptake of water from its foundation, some leakage of rainwater, and then some uptake of leachate. The primary consideration would be that hydration of the GCL by leachate (as opposed to water) can be expected to have some effect on the hydraulic conductivity of the GCL, which can be expected to lie between that obtained for an initially saturated GCL permeated with leachate and that for a GCL initially hydrated and permeated with leachate (e.g., see Petrov and Rowe 1997) .
Performance of double liner without a foundation layer
In many practical situations the composite liner is placed directly on the leak-detection system (with no foundation layer). To explore the performance of these systems, leakage through both an initially saturated GCL and an initially essentially dry GCL (S r = 15%) was examined for a holed wrinkle 5 m and 25 m from the bottom of the slope. For the initially saturated GCL there was immediate drainage of leakage into the geocomposite. The system reached steady state after 14 days for case n110 and after 2.6 years for case n111, and the bentonite component was saturated throughout the analyses for both cases. Although the size of the wetted radius at steady state was similar to those of the cases with (case 1110) and without (case n110) a foundation layer (see Table 5 ), the fluid collected at steady state for case n110 was only 40% of that for the system with a foundation layer (case 1110). The decrease of collected fluid can be explained as follows. Distribution of pore pressure below the liner layer is nearly hydrostatic from the drainage layer at the base of the barrier system, so a much smaller negative pressure developed at the lower surface of the GCL for the case without a foundation layer than for the case with it. As a result, there was a smaller hydraulic gradient across the liner layer and less leachate flow was allowed to enter the system through the wrinkle.
Although it is of interest to consider the limiting case of an initially saturated GCL as discussed previously, in reality the GCL is not going to be initially saturated. The cases with S r bentonite ini = 15% (cases n120 with l = 5 m and n121 with l = 25 m) were similar to the cases with a drier foundation layer (case 2110 with S r foundation ini = 50% or case 3110 with S r foundation ini = 30%). Figure 13 shows the performance of GCL and drainage geocomposite for case n120. Leachate flowed laterally at the GM-GCL interface (cover geotextile) first, then flowed down to the bentonite components (e.g., at 1.9 months, leachate flow within the cover geotextile decreased around x = 2.0 m due to the downward flow). Unlike the system with a foundation layer, leachate entered the geotextile over the geonet immediately below the wrinkle, and there was some lateral flow within the geotextile at an early time (see 1.9 and 9.7 months in Fig. 13d ) that then went back into the GCL, with a portion going back to the cover geotextile. As was the case with the foundation layer, leachate flow in the lower geotextile did not reach its maximum capacity except for in the lower end of the system. Thus the system did not drain any fluid through the geonet until leachate flow developed at the lower end of the system (Fig. 13e) . Also, it took longer to reach steady state than for the cases with S r bentonite ini = 100% (cases n110 and n111) due to the initially drier bentonite component. Thus, even without a foundation layer, there can be a considerable delay between leakage occurring and then being detected.
The amount of collected leachate for the cases without a foundation layer was about 40% less than that of the cases with a foundation layer (e.g., case 2110) because of the smaller negative pore pressure developed at the lower surface of the GCL as described earlier.
Time to collection of fluid
The variation in the amount of fluid collected with time is shown in Fig. 14 . Results for cases with a foundation layer are shown by solid lines and those without a foundation layer are shown as broken lines.
Although fluid was collected from the beginning of the analysis for the initially fully saturated case (case 1110), for other cases (2110 and 3110) leachate only drained after a considerable period of time. The higher the initial degree of saturation in the foundation layer, the sooner leakage was detected. However, the steady state leakage was similar for the three cases: 390 litre per hectare per day (lphd) for case 1110 and 360 lphd for cases 2110 and 3110, assuming 10 holed, 100 m long wrinkles per hectare. The cases without a foundation layer showed the same trend; although fluid was collected from the beginning of the analysis for case n110, it took 1.6 years for fluid to be collected for case n120. The amount of collected fluid was 144 lphd for case n110 and 140 lphd assuming 10 holed wrinkles per hectare, and 29 and 28 lphd assuming 2 holed wrinkles, respectively. Field data reported by Bonaparte et al. (2002) gave an initial average flow to the secondary leachate collection system (SLCS) of 2 lphd with standard deviation (sd) of 3 lphd during the active period of operation. This may reflect very few holed wrinkles (for example, two holed, 10 m long wrinkles per hectare would give a flow of about 3 lphd based on the present calculations); however, it may also be low because this only represents leakage through holes close to the bottom of the slopes, and the leakage may increase with time as holes farther away from the bottom of slope hydrate the GCL and begin to leak. This hypothesis is supported by the fact that the active period peak flows are substantially higher than average flow (ϵ11 lphd with sd = 17 lphd), suggesting that the holes are in locations very sensitive to an increase in leachate head, and those holes would be close to the bottom of the slope.
Comparison of numerical results with those from an analytical solution Rowe (1998) introduced an analytical solution for the rate of leakage through a hole in a geomembrane wrinkle for steady state conditions. Figure 15 shows a schematic of the configuration examined. Assuming one-dimensional downward flow in the deposit below the transmissive layer, the hydraulic head distribution within the transmissive layer between the geomembrane and the liner is given by
h is the total hydraulic head (m); k s is the harmonic mean hydraulic conductivity of the liner and foundation layer (m/s); H L and H f are the thickness of the liner and foundation layer, respectively (m); k L and k f are the hydraulic conductivity of the liner and foundation layer, respectively (m/s); θ k is the hydraulic transmissivity of the transmissive layer (m 2 /s); and h a is the head at the drainage layer (m). Solving eq. [5a], the distribution of the head becomes
where h leachate is the leachate head (m), and 2b is the width of the geomembrane wrinkle (m). Thus the leakage rate Q is given by the Rowe equation as follows:
where L is the length of wrinkle. Equations [6] and [7] do not consider the effect of the inclination of the collection system. In the numerical study a slope of 1% was examined. As shown here, however, this is small enough to be ignored, and eqs. [6] and [7] were employed without any modification to obtain an analytical solution using the geometry shown in Fig. 3 and the material properties given in Tables 2 and 3 .
The numerical distribution of pressure head along the interface between the GM and the GCL (bentonite component) at steady state (91 days for case 1110) is compared with that from the analytical solution in Fig. 15 . The results showed excellent agreement and implied that the finite element method reasonably simulated the development of leachate within the interface between the GM and the bentonite layer. These results also indicated that the 1% slope had no significant effect on the steady state pore pressure distribution at the GM-GCL interface.
The rate of leachate flow from a hole calculated using eq.
[6] for the case with a foundation layer was 383 lphd for 10 wrinkles of 100 m length per hectare, assuming the saturated hydraulic conductivity for the GCL and foundation layer. The numerical results for the cases with a foundation layer fell in between 360 and 390 lphd. The difference between these results arises from the fact that the soil is unsaturated and there is a difference in behaviour depending on whether the soil was in a drying mode (case 1110, Q = 390 lphd) or a wetting mode (e.g., case 2110, Q = 360 lphd). This also partially explains the difference with the analytical solution, which ranged between 2% and 7%, since the flow calculated using the analytical solution assumes saturated k, whereas both the GCL and the foundation are not fully saturated. In the numerical analysis, the average hydraulic conductivity of the bentonite component from x = 0 to 1 m was about 5%-10% lower than the saturated value (most flow in the cover geotextile was observed from x = 0 to 1 m at steady state). A second factor contributing to the difference between numerical and analytical results is the fact that the flow from the GM-GCL interface (cover geotextile) into the GCL layer is assumed to be vertical in the analytical solution, whereas the numerical results show a small lateral component (see Fig. 11 ).
The calculated steady state leakage rate for the cases without a foundation layer fell between 140 and 144 lphd, which is 8%-10% more than that of the analytical solution (131 lphd). Within the zone where most of the lateral flow occurs at the GM-GCL interface (between x = 0 and 1 m for these cases), the hydraulic conductivity of the GCL in the numerical analyses was about 99% of the saturated value that is used to obtain the analytical solution.
Thus the analytical solution gave leakage rates within 10% of those obtained from a much more complex (but more rigorous) finite element analysis. This supports the use of the Rowe (1998) equation for calculating the leakage through holed wrinkles in practical applications.
Conclusions
The performance of leak-detection -secondary leachate collection systems was examined using the finite element method for a composite primary liner and a geocomposite leak-detection system. Consideration was given to the case where there are holes in wrinkles. The effect of the initial degree of saturation of the foundation layer, and the presence and absence of the foundation layer, and drainage path were investigated. The following conclusions are based on the results obtained for the range of cases examined.
(1) The smaller the transmissivity of the GM-GCL interface, the smaller the steady state leakage and also the longer it takes before leakage is detected. A smaller hydraulic conductivity of the bentonite component has the same effect. (2) The drainage geocomposite at the base of the primary liner system does not wick water from the overlying soil layer. As a result, the system does not drain water until the overlying layer is nearly saturated. (3) The initial degree of saturation of any foundation layer below the composite liner can considerably influence the time at which leakage is detected in a leak-detectionsecondary leachate collection system and the initial (pre-steady state) magnitude of the flow. The larger the initial degree of saturation, the sooner fluid is detected in the leak-detection system. (4) Even if the bentonite component of the GCL is initially "dry," it will quickly become hydrated due to uptake of water from the foundation layer or a rainfall event during, or shortly after, construction. (5) The absence of a soil foundation layer between the GCL and the leak-detection system results in much more rapid detection of leaks than for systems with an unsaturated foundation layer. In this case, the time required for detection of leakage is highly dependent on the degree of saturation of the GCL prior to leakage occurring. (6) Good agreement was obtained between numerical and analytical results for the distribution of leachate flow at the GM-GCL interface and the magnitude of the final steady state flow. This finding supports the use of the Rowe (1998) equation as a simple means of calculating leakage through wrinkles with a hole. This work highlights the potential importance of the unsaturated characteristics of both the GCL and geocomposites in terms of the performance of leak-detection systems and the need for more study of these characteristics. The results also suggest the need to carefully monitor and observe the field performance of these systems over many years. They also imply that an increase in observed leakage with time may be simply a reflection of an external manifestation of leakage that has been occurring for some time rather than a sign that there is a real change in the performance of the liner system.
